The paper is dedicated to the micromagnetic study of the real and imaginary parts of the transverse susceptibility ͑TS͒ temperature dependence for an interacting particulate system. Due to its fundamental and technological interest, we considered in our study two-dimensional arrays of particles as magnetic patterned media. It is shown that the interactions between particles strongly affect the TS signal. The effects of volume and anisotropy field dispersions are also analyzed. © 2006 American Institute of Physics. ͓DOI: 10.1063/1.2177127͔
INTRODUCTION
The reversible transverse susceptibility was analyzed by Aharoni et al. 1 for a single-domain Stoner-Wohlfarth particle. In the transverse susceptibility ͑TS͒ experiment one applies a dc field and a small amplitude ac field, perpendicular to the former. TS is a straightforward technique for the anisotropy field measurement, as for noninteracting uniaxial single-domain particle systems the field dependence of TS presents characteristic peaks, located at the anisotropy and switching fields. 1 The effect of the frequency of the ac field and the effect of the energy dissipation through the imaginary part of the TS are taken into account in a model based on the Landau-Lifshitz-Gilbert equation. 2 Thermal relaxation is taken into account using a two-level model. 3 In Ref. 4 it is shown that the increasing dc field shifts the particles' relaxation time towards lower values, making possible the occurrence of the thermal relaxation on the time scale of the ac field period, giving rise to a complex susceptibility. Recently we have shown that an imaginary part of TS is also obtained as an effect of nonvanishing ac field amplitude, even in the absence of the thermal fluctuations. 5 The complex susceptibility is used to separate volume and anisotropy field dispersions 6 by fitting the experimental data with the expressions from Ref. 4 , but these relations are obtained for a noninteracting particle system. In Ref. 7 the stochastic LandauLifshitz-Gilbert ͑SLLG͒ equation 8 is used in order to describe an array of 400 "Voronoi" cells with intergranular exchange and magnetostatic interactions, with different average diameters and dispersions, and a Gaussian anisotropy field distribution. It is shown that the volume dispersion only weakly affects the peak shape, according the model of Ref. 4 , while the dependence on both anisotropy field dispersion and magnetization is substantial. The magnetostatic interactions distort the theory from Ref. 4 , but the most substantial change is due to integranular exchange. In this paper we present a systematic analysis of the influence of the interactions between particles first in a system of identical particles and then for a system with a distribution of volumes and anisotropy.
MICROMAGNETIC MODEL
The micromagnetic model is based on the SLLG equation which is numerically integrated using the method of Heun. 9 We have considered a system of 1024 spherical, aligned particles lying in a regularly network formed within one layer in the xz plane, uniaxial anisotropy K Ͼ 0, and saturation magnetization M s with the easy axis along the Oy axis. The fast Fourier transform technique is applied in order to compute the field due to all particles. The magnetostatic interactions between particles are controlled by the network characteristic lengths d x and d z and periodic boundary conditions are used. The dc field H dc acts along the Ox axis and the ac field H ac = H ac,max sin͑2ft͒ along the Oy axis. The desired quantities are averaged over 10-30 cycles of ac field, after attenuation of the transitory effects which initially appear. The results obtained by duplication of the number of particles practically coincide with the former.
The TS is calculated as the amplitude ratio of the first harmonic of the induced magnetic moment along the ac field direction and that of the ac field. If 0 = M s V /2H k , where H K =2K / 0 M s is the particle's anisotropy field, then the normalized susceptibility / 0 does not depend on the particle's volume or anisotropy.
RESULTS
For the beginning we have simulated the behavior of a system of identical particles with d x = d z . The parameter values used in simulation are M s = 300 kA/ m, K = 200 kJ/ m h ac,max = H ac,max / H K =10 −3 , f = 1 MHz, the temperature T = 300 K, and the particle's diameter d = 50 nm. As it can be observed in Fig. 1 as the packing fraction increases the position of the imaginary TS peaks is moving towards smaller field values. In contrast, the position of the real TS peaks has a nonmonotonic behavior as a function of interaction intensity: initially the real peak is slightly moving toward smaller fields and after that it is moving toward higher fields. Also, one observes that the intensity of TS is decreasing with packing fraction, and for a strongly interacting particle system the peaks disappear. Similar effects have been obtained for a frequency of ac field of f = 100 MHz.
During the application of the ac field, in each magnetization state of the system, we have also calculated the interaction field which acts on each particle and then we have determined the distribution of them. The interaction field projections on the Oz axis are very small because the particles' magnetic moments are predominantly oriented in the xy plane. The projections on the Ox axis have approximately the same values for all particles, while the projections on the Oy axis have a distribution of values. We notice also that the interaction fields have the same order of size as the ac field even for a system with a small packing fraction. Consequently the interactions between particles significantly affect the TS signal. Presented in Fig. 2͑a͒ are the distributions of the interaction field projection on the ac field for two values of the dc field ͑when the real part of TS is maximum and when the imaginary part is minimum, respectively͒ and for h AC =0, h ac = h ac,max , and h ac =−h ac,max respectively. Similarly, in Fig. 2͑b͒ the statistics of the normalized magnetic moment projections on the ac field is presented. One observes a dramatic change of these distributions as a function of the dc field due to the complex behavior of the dynamics of the magnetic moment when the energy barrier is comparable with the k B T. 5 For a noninteracting system when the real part of TS is maximum, most of the particles oscillate around the Ox axis, in phase with the ac field. In contrast, for an interacting system the dispersion of the particles' orientation is much larger due to the interactions between particles ͓see Fig. 2͑b͔͒ . The induced TS signal decreases but it is also almost in phase with the ac field. When the imaginary part of TS is minimum a multiple peak structure appears.
In order to see how the type of the interactions influences the TS curves we have considered two types of geometries: d x Ͻ d z ͓Fig. 3͑a͔͒ and d x Ͼ d z ͓Fig. 3͑b͔͒. With increasing interactions the imaginary peaks are moving towards lower fields for the first geometry, while for the second geometry the imaginary peaks are moving towards higher fields.
The imaginary part of TS is used now with great success in experimental evaluation of distributions of anisotropies and volumes. 6 Our micromagnetic simulations confirm the possibility to identify both the volume and anisotropy distributions only from the imaginary part of TS for a noninteracting system: for a system only with a volume distribution the ascending part of imaginary TS has only a movement of translation toward higher fields, while for a system with only a distribution of anisotropy the position of the minimum of imaginary TS does not change, that is, only its amplitude decreases while its width increases. We have considered a system of aligned particles with a Gaussian distribution of volume and anisotropy, respectively. One observes in Fig. 4 that the interactions between particles change this behavior.
CONCLUSIONS
The micromagnetic analysis showed complex behavior of the real and imaginary parts of TS for a system of interacting particles. We find that ignoring the interaction between constituent particles can lead to significant errors in the evaluation of distributions of anisotropies and volumes using TS experiments. We have identified more effects of interactions on TS corresponding to the mean value and to the dispersion of the interaction field distribution. The mean field interaction moves the TS peak's position toward smaller or higher fields. Instead the interactions' dispersion always has an effect of diminution of the field at which the TS peak appears.
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